Study Design. Evaluation of a new quantitative imaging technique in a prospective study design. Objective. To assess glycosaminoglycan (GAG) content of lumbar intervertebral discs (IVDs) in healthy volunteers with chemical exchange saturation transfer (CEST). Summary of Background Data. Biochemical alterations of lumbar discs are present before the appearance of morphological changes. GAG loss plays a central role in these degenerative processes. Methods. Lumbar intervertebral discs of healthy controls (26 women, 22 men; mean age 31 AE 8 years; range: 21-49 years) without lumbar back pain were examined at a 3 Tesla magnetic resonance imaging (MRI) scanner in this prospective study. None of the participants were overweight or had previous surgery of the lumbar spine. The MRI protocol included standard morphological, sagittal and transversal T2-weighted (T2w) images to assess Pfirrmann score and to detect disc disorders according to the Combined Task Force classification of five lumbar IVDs (L1 to S1). A prototype glycosaminoglycan chemical exchange saturation transfer (gagCEST) sequence was applied to measure GAG content of the nucleus pulposus (NP) and annulus fibrosus (AF) by identifying the magnetization transfer asymmetry ratio (MTR asym ) in a region-of-interest analysis. Morphological and biochemical imaging analysis were statistically tested for quantitative differences between different grades of IVD degeneration and disc disorders. Results. gagCEST values of NP demonstrated a significant negative correlation with morphological Pfirrmann score (r ¼ À0.562; P < 0.0001). The MTR asym values were higher in non-degenerative lumbar IVDs (Pfirrmann 1-2) compared with degenerative lumbar discs (Pfirrmann 3-5; 2.92% AE 1.42% vs. 0.78% AE 1.38%; P < 0.0001). The MTR asym values of NP were significantly higher in normal appearing discs compared with herniated IVDs (2.83% AE 1.52% vs. 1.55% AE 1.61%; P < 0.0001). We found a significant negative correlation between gagCEST values and the graduation of disc herniation (r ¼ À0.372; P < 0.0001). Conclusion. Biochemical imaging with gagCEST distinguished morphologically degenerative from non-degenerative lumbar IVDs (in NP and AF) of healthy volunteers at a clinical 3T-MRI system. The depletion of GAG content in degenerative lumbar discs correlated significantly with the morphological disc classification. We could demonstrate that disc disorders, such as protrusion and extrusion, were accompanied by lower GAG content.
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Results. gagCEST values of NP demonstrated a significant negative correlation with morphological Pfirrmann score (r ¼ À0.562; P < 0.0001). The MTR asym values were higher in non-degenerative lumbar IVDs (Pfirrmann 1-2) compared with degenerative lumbar discs (Pfirrmann 3-5; 2.92% AE 1.42% vs. 0.78% AE 1.38%; P < 0.0001). The MTR asym values of NP were significantly higher in normal appearing discs compared with herniated IVDs (2.83% AE 1.52% vs. 1.55% AE 1.61%; P < 0.0001). We found a significant negative correlation between gagCEST values and the graduation of disc herniation (r ¼ À0.372; P < 0.0001). Conclusion. Biochemical imaging with gagCEST distinguished morphologically degenerative from non-degenerative lumbar IVDs (in NP and AF) of healthy volunteers at a clinical 3T-MRI system. The depletion of GAG content in degenerative lumbar discs correlated significantly with the morphological disc classification. We could demonstrate that disc disorders, such as protrusion and extrusion, were accompanied by lower GAG content. Key words: annulus fibrosus, chemical exchange saturation transfer, disc degeneration, disc herniation, glycosaminoglycan, glycosaminoglycan chemical exchange saturation transfer, intervertebral disc, lumbar spine, magnetic resonance imaging, nucleus pulposus. Level of Evidence: 2 Spine 2016;41:146-152 M agnetic resonance imaging (MRI) is a non-invasive and well-established method for the assessment of intervertebral disc (IVD) disorders, especially IVD degeneration. 1 Degenerative disc alterations can be visualized by a decrease of the water content in T2-weighted (T2w) images and morphologically scored according to the Pfirrmann classification system. 2 In addition, IVDs can be graded according to the Combined Task Force (CTF) classification in normal appearance, focal protrusion, broad-based protrusion, or extrusion. 3 Early stages of IVD degeneration are correlated with biochemical disc changes that are characterized by a loss of glycosaminoglycan (GAG) or water content in a normal appearing IVD in standard MRI. 4 One of the first steps of disc degeneration seems to be the incapacity of disc cells to maintain a highly hydrated proteoglycan-rich matrix in the NP to which GAGs are bound. 5 Several biochemical MRI techniques have been proposed to assess extracellular matrix components of fibrous and hyaline cartilage, such as delayed gadolinium-enhanced MRI of cartilage, 23 Na MRI, and T1 rho mapping to visualize the GAG content, and T2/T2Ã mapping to evaluate the water content and collagen network integrity. 6, 7 One relatively new technique is the glycosaminoglycan chemical exchange saturation transfer (gagCEST) that allows the determination of GAG content without the application of contrast agent or dedicated hardware. 8 Feasibility studies using gagCEST already demonstrated the sensitivity to visualize and quantify GAG in IVDs and joint cartilage. 9, 10 gagCEST of the lumbar spine is possible at a magnetic field strength of 3T and allows for differentiation of degenerative and non-degenerative IVDs. 9, 11, 12 For gagCEST imaging, several images are acquired with presaturation pulses at different offset frequencies around the bulk water resonance, and one reference image without saturation. The residual signal normalized to the reference image as a function of the offset frequencies (z-spectrum) can be utilized to determine and quantify the CEST effect according to magnetization transfer asymmetry ratio (MTR asym ) values with respect to the water resonance due to the ÀOH protons of GAG appearing in a frequency range of 0.9 to 1.9 ppm from the water resonance. The magnitude of the measured MTR asym values correlates directly with the underlying concentration of GAG. 8, 13 The aim of our study was to investigate the IVDs in healthy volunteers and to analyze whether gagCEST is able to reflect the degeneration status corresponding to the Pfirrmann approach. Our hypothesis was that the gagCEST effect is higher in non-degenerative and normal appearing lumbar discs compared with degenerative discs or IVD disorders, such as bulging or extrusion in healthy volunteers.
MATERIALS AND METHODS

Study Population
The study was approved by the local ethics committee. Written informed consent was obtained from all volunteers for this prospective study. Forty-eight healthy volunteers (26 women, 22 men; mean age 31 AE 8 years; range: 21-49 years) without specific, subacute and chronic low back pain, overweight or previous surgery of the lumbar spine were prospectively enrolled in this study. At the examination date no acute, non-specific lumbar back pain episode was reported, the symptom free period was at least 3 months. None of the participants showed a previous lumbar radiculopathy or inflammatory arthropathy. All participants confirmed a negative family history for specific, subacute or chronic low back pain.
MR Hardware and Sequence Protocol
The lumbar spine of all volunteers was examined in supine position using a clinical whole-body 3T MR system (Magnetom Trio, A Tim System, Siemens Healthcare, Erlangen, Germany). Signal reception was performed using four channel body matrix coils and a 24 channel spine matrix coil. Our MR sequence protocol included a localizer, a T2w sequence in sagittal and transversal orientation. Parameters of the sagittal T2w turbo spin echo sequence were As follows: field of view ¼ 300 Â 300 mm Biochemical imaging was performed using a prototype gagCEST and water saturation shift referencing (WASSR) sequences. WASSR and CEST sequences were composed of a presaturation module and a segmented 2D RF-spoiled gradient echo module. Detailed parameters are provided in Table 1 .
WASSR and CEST images were motion-corrected using a diffeomorphic image registration approach incorporated in the prototype software fMRLung (Siemens Healthcare, Erlangen, Germany). 9 The following data analysis was performed using an in-house developed MATLAB software (The Mathworks, Inc., Natick, MA, R2012b). A reduction of image noise was performed using an in-plane 3 Â 3 Gaussian filter. B0 field inhomogeneities were corrected using the WASSR maximum symmetry algorithm.
14 The offset-corrected CEST-curves divided by the signal without CEST presaturation S0 are defined as z-spectrum Z(v). The magnetization transfer asymmetry was defined as MTR asym (Dv) ¼ Z(ÀDv)ÀZ(Dv), where Dv is the specified frequency shift difference. The evaluation of gagCEST effect was determined using the MTR asym value in the frequency range from 0.9 to 1.9 ppm, which comprises the chemical exchange resonances of GAG hydroxyl protons. 8 
Data Analysis
All lumbar IVDs (L1-S1; a total of 240 IVDs) could be imaged successfully without any drop outs. One radiologist with 5 years of experience in musculoskeletal radiology scored all lumbar intervertebral discs according to the Pfirrmann scoring system (2) . The scoring system is based on a five-steps grading scale with grade 1 and 2 for nondegenerative discs and grade 3 to 5 for degenerative IVDs according to the nucleus signal intensity, the nucleus structure, the distinction between the nucleus pulposus (AP) and the annulus fibrosus (AF), and the disc height in midsagittal T2w images. In addition, the same radiologist scored the five lumbar discs according to the CTF classification into normal appearing discs and IVDs with protrusion or extrusion. 3 To analyze degenerated from non-degenerated discs, we divided the IVDs into two, pooled groups: group 1 is composed by IVDs with Pfirrmann score 1 or 2, group 2 is composed by IVDs with Pfirrmann score 3 or 4. The same procedure was done for CTF classification. Group 1 contained lumbar IVDs with normal appearance and group 2 included disc disorders, such as protrusion or extrusion.
A region-of-interest (ROI) analysis was performed for MTR asym evaluation of the NP and AF. All ROIs were selected by a self-acting image processing algorithm that detected the lumbar IVDs automatically. This lumbar IVD segmentation was performed using an in-house developed MATLAB software. The disc segmentation was based on Bayes classification to divide bone and ligament from disc tissue of the lumbar spine ( Figure 1 ). The segmentation area comprised the lumbar spine. According to the different tissue signal intensity of non-saturated and saturated images, the segmentation tool could distinguish IVDs from the other tissues of the lumbar spine by learning on several training objects before data analysis. The defined ROIs were divided into NP (the innermost 60% of the IVD) and AF (the remaining region of the IVD). Every automatically positioned ROI was visually checked by one radiologist with 5 years of experience in IVD segmentation. None of the ROIs was manually repositioned.
Intra-and inter-reader reliability for Pfirrmann analysis was obtained in 10 randomly selected volunteers (50 IVDs) in which the Pfirrmann scores were repeated by the first and by a second observer (medical physicist with 4 years of segmenting experience). Pooled data for non-degenerative discs with Pfirrmann score 1 and 2 and degenerative discs with Pfirrmann score 3 to 5 were formed to evaluate gagCEST effects for both groups. The same procedure was done for CTF classification with two groups, one for normal appearing lumbar discs and one for IVDs with disc disorder (protrusion or extrusion). Next to pooled data analysis, subgroup analysis for every Pfirrmann grading was calculated.
Statistical Analysis
Two-tailed Student t test was used to assess statistical differences of the means of the MTR asym values of NP and AF. Spearman correlation analysis was performed between MTR asym values and the morphological grading, as well as the CTF classification of disc herniation. Pearson correlation coefficient was calculated between age and morphological grading, and between age and CTF classification. Intra-and inter-reader agreement was performed by intraclass correlation coefficient (ICC) analysis with a pairwise correlation of Pfirrmann classification of the lumbar IVDs (absolute agreement). P values below 0.05 were considered to be significant. Tables 2 and 3 . We could demonstrate a significant correlation between age and morphological Pfirrmann classification (r ¼ 0.3175; P < 0.0001), as well as between age and CTF classification (r ¼ 0.2476; P < 0.0001). ICC analysis revealed a high intra-(ICC ¼ 0.947; P < 0.0001) and inter-reader agreement (ICC ¼ 0.868; P < 0.0001) for the Pfirrmann analysis.
Pooled Data Analysis of gagCEST Values
In non-degenerated and degenerated lumbar IVDs (Pfirrmann grade 1-5) significantly higher mean MTR asym values were found in NP compared with AF (2.56% AE 1.62% vs. 1.27% AE 1.26%, P < 0.0001). The same results were seen between discs with normal appearance and discs with herniation (2.15% AE 1.53% vs. 1.02% AE 1.48%, P < 0.0001). Non-degenerative IVDs (Pfirrmann score 1-2) showed significantly higher gagCEST values in NP and AF compared with degenerative IVDs (Pfirrmann score 3-5) (NP: 2.92% AE 1.42% vs. 0.78% vs. 1.38%, P < 0.0001. AF: 1.50% AE 1.16% vs. 0.10% AE 1.10%, P < 0.0001) ( Figures  1 and 2) . The same outcome with significant higher MTR asym values was seen between normal appearing lumbar discs compared with herniated IVDs in NP and AF (NP: 2.83% AE 1.52% vs. 1.55% AE 1.61%, P < 0.0001. AF: 1.47% AE 1.21% vs. 0.50% AE 1.14, P < 0.0001) (Figure 3 ).
gagCEST Values Compared With Morphological Grading
MTR asym values of lumbar IVDs were significantly higher in NP compared with AF in discs with Pfirrmann score 1 to 4 (Pfirrmann 1: 3.80% AE 1.19% vs. 2.00% AE 1.13%, P < 0.0001; Pfirrmann 2: 2.63% AE 1.38% vs. 1.34% AE 1.13%, P < 0.0001; Pfirrmann 3: 1.07% AE 1.19% vs. 0.16% AE 1.18%, P ¼ 0.0002; Pfirrmann 4: 0.60% AE 1.56% vs. 0.01% AE 1.09%, P ¼ 0.009). In IVDs with Pfirrmann score 5, no significant difference between the gagCEST values of NP and AF were found (0.31% AE 1.19% vs. 0.32% AE 0.89%, P ¼ 0.98).
Lumbar discs with normal appearance and disc protrusion showed significantly different gagCEST effects between NP and AF (normal: 2.83% AE 1.52% vs. 1.47% AE 1.15%, P < 0.0001; protrusion: 1.86% AE 1.54% vs. 0.67% AE 1.15%). In discs with extrusion no significant difference in the gagCEST values between NP and AF was found (0.06% AE 0.99% vs. À0.29% AE 0.73%, P ¼ 0.15).
MTR asym values of NP and AF were significantly higher in Pfirrmann score 1 compared with Pfirrmann score 2 and degenerative discs (Pfirrmann grade 3-5). In Pfirrmann score 3-5, NP and AF demonstrated no significant difference. For NP and AF, we noted a significant negative correlation between mean MTR asym values and Pfirrmann classification (NP: r ¼ À0.562, P < 0.0001; AF: r ¼ À0.444, P < 0.0001) (Figure 4) .
The MTR asym values of NP and AF differed significantly between the grades of the disc herniation classification (normal appearance, protrusion, and extrusion). There was a significant negative correlation between the mean gagCEST values and the disc herniation classification of NP and AF (NP: r ¼ À0.372, P < 0.0001; AF: r ¼ À0.343; P < 0.0001) ( Figure 5 ).
DISCUSSION
Biochemical alterations of lumbar discs are present before the appearance of morphological changes. 4 GAGs play a central role in these degenerative processes. 15 With gagC-EST imaging, it is possible to visualize and quantify GAGs non-invasively. 13 Kim et al 12 were the first to demonstrate the feasibility of a magnetic resonance gagCEST measurements at a field strength of 3T.
The strength of our study is the large homogeneous asymptomatic population of adults without lower back pain or previous spine treatments that were analyzed with biochemical and standard MRI techniques. Haneder et al protocol comprises a gagCEST sequence with eight presaturation impulses compared with three impulses in the study of Haneder et al. 11 In the postprocessing, we applied motion correction and WASSR to achieve the optimal setting for data analysis.
In non-degenerative and degenerative IVDs (Pfirrmann grade 3-4), the gagCEST effect in NP was higher compared with AF. This finding is in accordance with the anatomically normal higher GAG content in NP 13, 15 and has been reported in previous imaging studies. 11, 12, 16 In degenerative lumbar discs with Pfirrmann grade 5, the discrepancy between NP and AF was aligned. The lost distinction in the GAG content of NP and AF resulting in a reduced gagCEST signal in NP of IVDs with high Pfirrmann score indicates a loss of GAG compared with morphologically healthy lumbar discs that concurs with the concept of GAG loss in severe degenerative IVDs. 15 Our analysis is consistent with previously published data that demonstrated that the level of degenerative changes of IVDs was highest in the NP. 16 In contrary to the data of Haneder et al, 11 we found a significant correlation between gagCEST values and Pfirrmann classification with higher gagCEST effect in nondegenerative discs (Pfirrmann 1-2) . This may be due to our larger sample size and the different inclusion criteria.
In our study population, we could demonstrate a significant correlation between the gagCEST effect and disc herniation with higher gagCEST values in normal appearing lumbar discs compared with herniated IVDs, such as protrusion or extrusion. According to the CTF classification of disc herniation, the gagCEST effect between NP and AF was significantly different in normal appearing discs, discs with protrusion or extrusion. Similar to previous published data, our study sample showed a significant correlation between age and extent of degenerative IVD changes. 17 Figure 3. Pooled MTR asym values in % of normal appearing lumbar IVDs and herniated lumbar discs for NP and AF. Significantly higher gagCEST values were detected in normal appearing lumbar discs compared with herniated IVDs in NP and AF (NP: 2.83% AE 1.52% vs.
1.55% AE 1.61%, P < 0.0001; AF: 1.47% AE 1.21% vs. 0.50% AE 1.14%, P < 0.0001). AF indicates annulus fibrosus; gagC-EST, glycosaminoglycan chemical exchange saturation transfer; IVD, intervertebral disc; MTR asym , magnetization transfer asymmetry ratio; NP, nucleus pulposus. Our study has limitations. In spite of 48 examined volunteers, the main limitation is the small sample size. We believe that the strength of this study is the inclusion of only clinically asymptomatic participants. The current results seem to be promising for evaluating the effects of GAG depletion in a larger population and to include patients with lumbar back pain, neurological symptoms or previous lumbar spine treatments. For biochemical MRI with gagCEST, we did not test intra-and interobserver agreement. MTR asym values were calculated with an automatic segmentation algorithm, so intra-and interobserver analysis was obsolete. No gender and age differentiation was taken into account in this study.
In summary gagCEST of lumbar IVDs on a clinical 3T MRI system may be a powerful, non-invasive tool to investigate early disc degeneration processes and therapy effects on GAG content in future studies. Biochemical imaging with gagCEST could provide an early biomarker for IVDs at risk of developing a herniation. GagCEST of non-degenerative IVDs demonstrated significantly higher GAG values compared with degenerative discs, especially in the NP. Supporting our findings, GAG content of NP was higher in non-degenerative and partially degenerative discs (Pfirrmann score 3-5) compared with AF. In degenerative lumbar IVDs with Pfirrmann grade 5, the distinction of the GAG content between NP and AF was lost. In herniated discs the GAG content was significantly lower compared with normal appearing IVDs.
Key Points
Biochemical alterations of lumbar discs are present before the appearance of morphological changes and GAGs play a central role in these degenerative processes. Biochemical imaging with gagCEST distinguished morphologically degenerative from nondegenerative lumbar IVDs in NP and AF of clinically healthy volunteers at a clinical 3T-MRI system. The depletion of GAG content in degenerative lumbar discs correlated significantly with the morphological disc classification and disc disorders, such as protrusion and extrusion, were accompanied by lower GAG content.
